Introduction: The clinical setting of acute pain has provided some of the first approaches for the development of analgesic clinical trial methods. Objectives: This article reviews current methods and challenges and provides recommendations for future design and conduct of clinical trials of interventions to treat acute pain. Conclusion: Growing knowledge about important diverse patient factors as well as varying pain responses to different acute pain conditions and surgical procedures has highlighted several emerging needs for acute pain trials. These include development of early-phase trial designs that minimize variability and thereby enhance assay sensitivity, minimization of bias through blinding and randomization to treatment allocation, and measurement of clinically relevant outcomes such as movement-evoked pain. However, further improvements are needed, in particular for the development of trial methods that focus on treating complex patients at high risk of severe acute pain.
Introduction
Analgesic trials for acute pain are typically investigated in the context of traumatic injury or surgical procedures. Because of the relatively high, and consistent, frequency of surgical procedures all over the world, development and refinement of clinical trial methodologies has been most prominent in the setting of acute postoperative pain. Other conditions such as migraine and dysmenorrhea, serious illnesses such as pancreatitis or herpes zoster, acute neuropathic pain associated with chemotherapies, and acute exacerbations ("flares") of chronic conditions such as osteoarthritis, sickle cell disease, and low back pain, although often associated with brief self-resolving periods of intense pain are less typically used to evaluate analgesics for acute pain. 29 Distinctive features of acute pain include generally short duration (eg, days to weeks) and often predictable onset (eg, postsurgical and posttraumatic pain). Acute pain, particularly when related to trauma or surgery, is also often associated with psychological and physiological stress responses, 63 hemodynamic changes and other fluid shifts, and exposure to multiple medications and nondrug interventions. The purpose of this article is to review current methods and challenges, and to consider the needs for improvement of future design and conduct of clinical trials of interventions to treat acute pain. Although the majority of current knowledge in this area comes from the setting of pharmacological interventions to treat postsurgical pain, a great many principles and considerations may be applied to other nonsurgical acute pain conditions and, also may be applied to some degree to nonpharmacological interventions.
Historical perspective on acute pain trial design
Before the initial development of clinical trial designs for the evaluation of pain treatment interventions, much research was first done to better understand the nature of subjective responses to analgesic interventions in the setting of acute pain. 7 However, earlier investigations on the effects of analgesic interventions were often limited to open-label observational studies, 69 which were susceptible to various sources of bias. The study of the efficacy of new analgesic drugs using randomized, placebocontrolled clinical trials in patients experiencing acute postoperative pain started with Beecher at Harvard in the 1940s and 50s, 6, 8, 9 in whose group a number of other investigators were trained. 5 Many of the earliest designs for placebo-controlled, single-dose, parallel group and cross-over trials were developed and advocated by these pioneering investigators. Their earliest publications documented the human dose-response and time action characteristics of prototypical analgesics in patients with acute pain. 5, 60, 75, 108 A primary focus of the earliest studies was the characterization of the efficacy and limitations of opioid drugs, which were so commonly used in hospital wards at that time. These study designs have also been applied to evaluate nondrug interventions such as preoperative patient education as to the nature, duration and anticipated pain quality and intensity during the perioperative interval. 35 From the outset, there was interest in, and support for, these methods by the pharmaceutical industry and the U.S. Food and Drug Administration (FDA) as finally there seemed to be reproducible methods to assess the efficacy of new analgesic drugs. These early investigators stressed the need for placebo and active controls to judge the sensitivity of individual studies. 74 Critical learnings from these early trials included understanding of the pharmacological principles underlying opioid analgesics (eg, relative potency, oral/parenteral conversion ratios, and additive effects of combination drug products), recognition of the risks of short-term administration of opioid analgesics, and an enduring appreciation of the importance of placebo effects in analgesic trials. Most trials were performed in hospital wards by trained research nurse observers and soon, a more standardized process for analgesic drug development seemed feasible. This progress spurred the development of the FDA's Guideline for the Clinical Evaluation of Analgesic Drugs. 111 Several factors unfortunately constrained innovation in the study of new analgesics. First, the contingent of trained clinician-investigators was relatively small and concentrated in a few teaching hospitals. Second, clinical development teams within the pharmaceutical industry were generally reluctant to explore new study designs and models outside established hospital-based postoperative pain models. "Pivotal" postoperative pain studies consisted almost entirely of single-dose analgesic assays. Long-term safety studies for analgesic drugs focused on their 6-month use in disorders such as osteoarthritis. Longer-term efficacy studies were not performed.
In 1975, a new outpatient pain model-the Dental Impaction Pain Model (DIPM)-was introduced, 28 which seemed to simplify and accelerate analgesic drug development in several ways. Patients eligible for molar extraction studies were relatively plentiful and generally healthy, the studies could be conducted in outpatients or inpatients, and the perioperative and surgical interventions became standardized within the protocols. Hence, highly reproducible study results could be obtained in relatively short periods. Recruitment methods (newspaper, radio, television, and even billboard advertising approved by IRBs), which had been disdained by academic medical centers, now became tools for rapid study enrollment. Studies that previously were conducted in 12 to 18 months could now be conducted in 3 to 6 months. Now, enrollment of a relatively homogeneous population of younger, healthy patients yielded studies with excellent assay sensitivity (ie, the ability of a trial to detect a meaningful treatment effect compared with a placebo and active comparators), high reproducibility, and greatly accelerated time lines. Because of these factors, this pain model became the model of choice for analgesic drug development in the 1980s and 1990s when many new nonsteroidal anti-inflammatory drugs and later, cyclooxygenase-2 ("COX-2") inhibitors were being developed.
In the late 1990s and early 2000s, Desjardins et al. developed the Post-Bunionectomy Pain Model (PBPM) that in large part was modelled on the lessons learned from the now refined DIPM. 2, 31, 100 The PBPM offered plentiful patient recruitment, standardized postoperative care in specialized clinical research centers, and standardized surgical, perioperative, and anesthesia protocols. The PBPM's popularity among drug and device developers surged because it was recognized that these patients experienced a more prolonged course of acute pain than did patients after dental impaction surgery. It now became possible to retain patients in research settings for 2 to 5 days to better understand their pain course over time. Although there remain questions about optimal repeat dosing schedules, possible interactions between rescue drug and investigational drug, and assay sensitivity over time, this relatively new acute pain model has proven to be useful in drug development.
Even with these methodological innovations, limitations remain. Because clinical drug development emphasizes speed of enrollment and reproducibility, contemporary drug development plans typically limit the number of postoperative studies to 2 or 3 types of acute postoperative or posttraumatic injury pain. There remains a reluctance to explore new models or new study designs until FDA regulators agree to accept them. Only after FDA regulators indicated they would no longer accept DIPM studies as confirmatory trials did sponsors and contract research organizations invest in the development of new models. Other orthopedic surgical models (total knee arthroplasty and hip arthroplasty) were included by sponsors in their drug development plans, despite being seen as relatively challenging and less predictable. The focus for much industry-funded, acute pain research remains the development of drugs under wellcontrolled, standardized conditions-not on their study in today's hospital setting with its growing focus on sicker, medically compromised patients, cared for using methods such as multimodal analgesia that may promote earlier hospital discharge. These factors each contribute to the complexity of hospital-based studies and unpredictability of their outcomes, ultimately leading to a greater chance of failed studies and slow enrollment.
Fortunately, as most industry-supported scientists focused their efforts on individual drug development, a few groups 59 continued to investigate the efficacy of new analgesics in specific postoperative populations of patients to develop clinical guidance for surgeons and anesthesiologists. In many acute pain conditions, however, there remain unanswered questions that plague surgical patients. Those questions will be highlighted below.
Trial design features

Patient stratification
Although acute pain occurs in many nonsurgical clinical situations, the vast majority of acute pain research has been conducted in the setting of treating acute pain after surgery. Therefore, most of the considerations discussed in the area of patient selection are related to postoperative pain. However, several of these trial design considerations also apply to other acute pain conditions.
Despite much research and several international guidelines, overall treatment of postoperative pain remains suboptimal. 27 This problem echoes a tension now evident throughout much of medical and surgical translational research. Evidence-based guidelines usually translate aggregated, population-based observations into clinical recommendations. However, individual patients-particularly those whose postoperative pain is difficult to control in practice-may be outliers often excluded from relevant clinical trials by virtue of age, previous treatment, or other patient-related factors. Although existing guidelines for trial design have provided a sound basis for improvements in research methods, the broader question remains as to whether future strategies should be focused primarily on specific patient groups vs specific surgical procedures. The importance of the latter is emphasized by the huge interindividual variations in pain intensity trajectories and opioid consumption after the same operation in patients receiving the same analgesic treatment. 11 Also, the aggregation of clinical trial results must now take into consideration the markedly different analgesic efficacy of the same analgesic in relation to the nature, location, and severity of the surgical trauma. 50 Consequently, we propose that future analgesic trials in acute postoperative pain should be more clearly differentiated regarding different patient-related and surgery-related factors (see Table 1 for recommendations). This strategy of disaggregation may clarify whether some low-pain patient responders only require relatively simple, standardized multimodal opioid-sparing analgesia, whereas high-pain or highrisk patients should have preoperative plans in place to provide additional multimodal or specific high-pain intensity analgesic treatment. This strategy also addresses several key principles and challenges of current population health science, eg, that we can predict health in populations with much more certainty than we can predict health in individuals. 70 Recent qualitative systematic reviews have suggested that type of surgery, age, and psychological distress (eg, depression, anxiety, and pain catastrophizing) are significant predictors for postoperative pain and analgesic consumption, whereas sex is less (or not) important. 32, 57 However, despite including 48 eligible studies in 1 review, the overall predictive value of these predictors was less than 54% calling for better prediction methods in future studies. In addition, the studies included did not stratify by other important factors, for example, different types of analgesic management or surgical procedures, both of which may influence pain intensity and other pain-related outcomes.
The hypothesis that the large interindividual variation in pain response to a given operation could be assessed by the pain response to a preoperative nociceptive stimulus was reviewed recently in relation to predictive, ie, preoperative, experimental pain testing. Although there was some predictive value, it was less than 50%, based on relatively few studies and lack of statistical power in relation to specific type of surgery or analgesic treatment. 96, 114 Although the type of surgical injury is important for prediction of acute postoperative pain, 57 an often-overlooked factor is whether or not the operation was performed for preexisting pain (ie, knee replacement for painful arthritis vs thoracotomy for painless lung cancer). It is well established that high-intensity preoperative pain increases the risk of acute postoperative pain. 57, 114 Therefore, preoperative pain intensity should be considered as a stratification factor in future analgesic trials, and then on a procedure-specific basis. 59 Because preoperative psychological distress (anxiety, depression, pain catastrophizing, etc.) is also a well-established predictor of acute postoperative pain, 57 targeted trials are needed in these high-risk subjects compared with low-risk ones. 14 Unfortunately, only a few trials are available with such an approach 79 calling for more studies to allow recommendations for design of future trials. Thus, although this particular trial found only a limited analgesic effect during the first postoperative week when added to the multimodal opioid-sparing strategy, the approach of supplementing analgesic regimens with moodenhancing or anxiolytic agents calls for future studies after this enriched trial design. 14 Also, improved preoperative characterization of the endogenous pain modulation system as a predictor of postoperative pain response should be considered. 4, 51, 95, 120 Finally, stratification for other population-based vulnerabilities may be considered in future trials that enroll very old or very young subjects and those with cognitive dysfunction.
Many surgical patients with preoperative pain at the site of surgery or other sites present for operation with a history of ongoing use of opioids or other analgesics. In this context, it is well established that patients receiving preoperative opioid treatment are more difficult to manage because of their higher postoperative pain intensity and behavioral responses as especially demonstrated in orthopedic procedures. 1, 38, 47, 94 Here, too, these observations again call for specific analgesic studies in such high-pain responders that apply nonopioid agents such as ketamine. 10, 78, 113 In addition to patients receiving preoperative opioids, there is a need for studies in patient groups receiving nonopioid analgesics and adjuvant agents preoperatively, again on a procedure-specific basis.
In summary, several studies during the past decade have focused on the identification of subsets of high-pain responders to surgery to allow improved future analgesic trial design. Potentially, the results of such trials could demonstrate that certain low-pain responders can effectively be managed by simple, standard nonopioid multimodal analgesic regimens. By contrast, those high-risk or high-pain intensity responders require focused attention to define the relative efficacy of more complex multimodal opioid-sparing therapy vs efficacious interventional analgesic techniques including regional anesthesia, which might avoid opioids entirely.
Study treatment and comparators
Trial design features should be closely aligned with the purpose of the trial ( Table 2 for recommendations). For example, an early proof of concept trial of a new molecular entity might use a dose range, including the maximally tolerated dose, as guided by phase 1 data. 17, 29, 46 Alternatively, a comparative effectiveness trial might use a more thoroughly characterized drug dose that has been deemed efficacious, safe, and well tolerated in previous trials. 23 Control comparators to be included alongside the study treatment of interest may include placebo, a different active comparator, and/or a lower dose of the study treatment. 29 Evaluation of 2 or more different doses of a study medication can Table 1 Recommendations for patient stratification in acute pain randomized controlled trials.
Acute pain treatment trials should be more clearly differentiated regarding patient-related, and surgery-related (or acute pain condition-related) factors. This can be performed by focusing the trial population on a particular patient characteristic, or by stratifying patient randomization according to such factors, or both.
Factors to consider as either the focus of the trial population, or for purposes of stratification, include:
Preoperative chronic pain (surgical site vs remote site) and related preoperative analgesic use (particularly chronic opioid use) Preoperative emotional distress (eg, depression, anxiety, and catastrophizing) or other predictors of high-pain response (eg, preoperative sensory testing measures of hyperalgesia, allodynia, temporal summation, and/or impaired conditioned pain modulation) Specific acute pain condition or surgical procedure provide clinically useful information. For example, the observation of an ascending dose-response for analgesic efficacy suggests an effect specific to the pharmacological actions of the study drug and, further, provides a rationale for using the higher dose as long as the safety profile is acceptable. In a trial comparing either 2 or more doses of 1 treatment or 2 different treatments, downside sensitivity is demonstrated if the lower dose (or inferior treatment) is shown to be superior to placebo, whereas upside sensitivity is demonstrated if the higher dose (or superior treatment) is shown to be superior to the lower dose (or inferior treatment). 29 In settings where delaying analgesic treatment will not result in longterm complications and in study designs that allow participant withdrawal from the trial and/or participant access to a nonstudy drug rescue analgesic treatment, current consensus favors using a placebo comparator-ie, an inactive intervention otherwise identical to the study intervention. 29 If, however, the purpose of the trial is to evaluate the comparative effectiveness of 2 or more previously proven analgesic treatments, then inclusion of a placebo arm may not be necessary although downside assay sensitivity may not be demonstrable. In such cases, a noninferiority study design might be preferable.
Including a previously proven active treatment comparator and a placebo in a trial of a new analgesic is one approach to demonstrating assay sensitivity. 29, 83 For example, if an investigational agent demonstrates no superiority over placebo and the active comparator does demonstrate superiority, then the trial has demonstrated assay sensitivity (ie, trial methods are sensitive to differences in treatment effect) and lack of effect of the investigational agent. Also, growing evidence of the potential benefits of combination analgesic therapy and its increased use for acute pain 41, 115 has led to a growing number of factorial trial designs that compare, eg, a 2-drug combination with each of its single-agent components. 45, 82, 87, 92 In multidose studies involving an active comparator, it is important to consider the optimal timing of outcome assessments with respect to the pharmacokinetics and pharmacodynamics of the study treatment and, in particular, to avoid or otherwise account for active comparators with time courses that differ from those of the study treatment.
Internal validity, generalizability, and assay sensitivity
As with all other types of trials, randomized controlled trials of acute pain treatments must minimize sources of bias to achieve a high degree of internal validity ( Table 3 ). This is facilitated by randomizing study patients to the different treatment arms in the trial and also by blinding participants and research staff to treatment allocation, outcome assessment, and data analysis. 53, 58 Another important consideration of internal validity is assay sensitivity, ie, the ability of a trial to detect a meaningful treatment effect compared with a placebo and/or with active comparators. 29 On the other hand, maximizing assay sensitivity, for example, by applying restrictive criteria to enroll a homogeneous population of uncomplicated patients can conflict with the external validity or generalizability, and possibly limit relevance of randomized controlled trial results to "real world" practice.
Trial designs
Postinjury/postsurgical pain is commonly short lived and generally diminishes to mild or zero intensity within days to weeks depending on the site and magnitude of the injury. 12, 119 Therefore, a parallel group design is commonly used, in which all participants are randomized, in a double-blind fashion, to receive only one of the treatments under evaluation. 29 In this design, not all participants are exposed to the study treatment and the obvious ethical aspects of pain undertreatment in placebo-treated participants must be considered. Given the brief duration of pain associated with acute pain settings such as surgery or trauma, cross-over trial designs are seldom used. Particularly, in early-phase exploratory clinical trials, there may be a role for adaptive trial designs, ie, involving a predefined plan to modify 1 or more aspects of the study design (eg, drug dose and sample size) based on interim data analyses at predefined time points throughout the trial. 29 
Preemptive analgesia trial design
Over 25 years ago, the hypothesis that interventions to suppress mechanisms of postinjury neuronal sensitization could lead to more effective reductions in postoperative pain, led to the concept of "preemptive analgesia," ie, the administration of antinociceptive treatments before starting surgery. 112, 116 For several years later, many clinical trials were conducted using a "preemptive trial design" involving the randomization of surgical patients to 2 groups, 1 receiving the investigational analgesic treatment before surgery and the other receiving it just after surgery. 116 Overall, an overwhelmingly positive impact of preemptive analgesia was not consistently seen 72 and it has been suggested that an important reason for this is that mechanisms of neuronal sensitization related to postinjury/postsurgical inflammation are at least as important to the pathogenesis of acute pain as is the initial nociceptive barrage related to the injury/surgery itself. 61 
Efficacy outcome measures
This section addresses efficacy measures and identifies 4 key trends relevant to acute pain treatment (see Table 4 for recommendations). First, after decades of relative indifference to studying acute pain among academic researchers, who often viewed its assessment and treatment as mechanical and formulaic, it is seen more and more as a complex multidimensional entity having much in common with chronic pain. 67, 109 Second, there is increasing understanding that distress-particularly as related to social isolation and stigmatization-is as integral to the acute pain experience as is nociception, and is important to patients with acute pain. Third, we have begun to enter an era of shared decision making between patient and clinician, with expectations of personalized, precision medicine. Finally, related to the third trend and as emphasized above, clinicians' ability to provide evidencebased clinical interventions has evolved beyond population-based recommendations 50 towards identifying prospectively those subpopulations most likely to benefit from particular interventions after specific procedures. 11,57 Table 2 Recommendations for selecting treatment comparators in acute pain randomized controlled trials.
Selection of treatment comparators in randomized controlled trials of investigational treatments for acute pain may include inactive placebo, a different active treatment comparator and/or a different dose of the investigational treatment and should take into consideration the purpose of the trial (eg, phase 2 trial of a new molecular entity-inactive placebo, comparative effectiveness trial-active comparator, dose-response trial-different dose(s) of investigational treatment).
Trial evaluation of the common practice of multimodal analgesia for acute pain requires more complex trial designs, eg, a "2 by 2" factorial design comparing a 2-drug combination to each monotherapy and to placebo.
Tissue injury and the resultant experience of acute pain evoke multidimensional responses, 18, 26 not all of which reach consciousness. Paralleling the history of medicine in general, at one time or another some subset of these intertwined responses has received greatest attention. For clinical trials in acute pain, at different times, attention has centered on personal experience as reflected in pain intensity, pain relief, or satisfaction with care 13 ; local or systemic measures of stress or catabolism; generic measures of the quality of postoperative recovery; procedure-specific functional outcomes such as ability to ambulate or breathe deeply 45, 117, 118 ; psychosocial outcomes such as return to work-and family-related roles vs progression to chronic pain and disability; and more recently, population-based outcomes with society-wide implications such as the proportion of patients maintained long term on opioid analgesics initiated postoperatively.
Clinically relevant efficacy outcomes in analgesic trials assess pain intensity and the temporal pattern of onset and offset of pain relief. 99 A second group of outcomes in analgesic trials assess physical function, either directly related to the surgical procedure (eg, pulmonary function after thoracotomy) or more generic (eg, ability to ambulate without assistance). A third group of outcomes are behavioral, such as anxiety or perceived isolation. These 3 groups of outcomes taken together determine health-related quality of life (HRQOL) during postoperative recovery and, when HRQOL is impaired, permit tracking of disability. 106 Disappointingly, early analyses of biochemical measures of systemic stress 22, 62 or surgical site inflammatory mediators proved to be poor surrogates for clinical outcomes, 16 although more recent studies have shown inflammatory/immunological responses to surgery to be relevant for postoperative recovery, including analgesia. 42 Comparing differences in stress hormone secretion and systemic inflammatory and immunological responses across various analgesic regimens may help to understand which regimen is of most clinical benefit.
Early in the 20th century, Heisenberg said of experiments, "what we observe is not nature itself, but nature exposed to our method of questioning." Each of the above 3 groups of outcomes illustrates this dictum, particularly in multidose acute pain trials where the care setting, patient heterogeneity and expectations, pharmacokinetics and pharmacodynamics, patient-staff interactions, the success of the operation, and the dynamic nature of the healing process generate variations in outcomes.
The primary outcome: pain intensity
Measures of pain intensity will always be integral to acute pain efficacy trials and, for the foreseeable future, will continue to be the primary outcome in acute pain trials. 20 It is increasingly common to see the primary outcome of pain intensity assessed during relevant activity such as sitting or standing, and deep breathing or coughing, after abdominal surgery (Fig. 1) , 45 or joint flexion at rest, or during walking after total knee arthroplasty. The importance of the measurement of movement-related pain after surgery is highlighted by observations that movement-related pain is substantially more intense than pain at rest 104 and seems to be more closely associated with pain-related functional impairment. 36, 46 In addition to the obvious generalizability of such a strategy to the target population, such an outcome may offer greater sensitivity to change. Pain intensity measures are currently preferred over pain relief measures because the latter require recall of the initial pain, and the cognitive ability to assess the degree to which current pain intensity differs from starting pain intensity. 20 For a multiple-dose trial, "starting" may have been hours or days earlier than "current." Despite this concern, in a large number of acute pain trials which have included both pain intensity and pain relief, the pain relief measures seem to show greater assay sensitivity. 101 In virtually all trials which include both measures, changes in pain relief mirror those seen in pain intensity. Even when a clear concept such as "pain now" is assessed, some patients will misunderstand or incorrectly score their pain on a numeric rating scale or visual analogue scale, thereby diluting trial power. Pretreatment patient training can reduce error-based variance and increase trial power.
Secondary outcomes
Secondary outcomes are expected to be favorably impacted if pain intensity is diminished meaningfully by the experimental intervention. Examples might include functional physiological measures that reflect muscular effort such as vital capacity or timed, forced expiratory volume after upper abdominal or thoracic surgery. Sleep quantity and quality are other important physiological measures. Failure to demonstrate benefit on secondary measures suggests that even if superiority in the primary outcome is evident, it may have limited clinical significance; it is also possible, of course, that the trial did not have adequate statistical power for the secondary measures. Recovery of, or surpassing, preoperative health status and autonomy depends not only on recovery of physiological function but also harnessing an improving physiology to hasten social reintegration. The latter process is multidimensional and captured by generic or condition-and procedure-specific HRQOL measures (see 3.5.3 below). As we continue to refine the taxonomy of acute pain to align it with that used for chronic pain, 67 we will be challenged to translate advances in descriptive ontogeny into novel outcome measures suitable for application in acute pain trials. Opioid use and opioid sparing, used for decades as secondary outcomes in acute pain trials, have recently attracted special attention because of the possible link between providing prescriptions for opioid analgesics at the time of discharge, and the misuse, abuse, and diversion of such medications with profound societal harm. Researchers are developing novel abuse deterrent formulations of opioids, improved formulations of existing nonopioids (eg, controlled-release local anesthetics), and new molecular entities that minimize opioid side effects or avoid opioids entirely. Whether their use perioperatively will reduce opioid-induced adverse events and accelerate discharge remains to be evaluated across a spectrum of agents and procedures. 17 Nevertheless, future perioperative analgesic trials that assess opioid-sparing effects should include a detailed assessment of opioid-related side effects such as the "opioid-related symptom distress scale" (see below). 3 Statistically significant decreases in opioid dose requirements per se are not sufficient to argue for superiority of test drug vs placebo or other drug (or nondrug intervention); the key question is whether such decreases are of a magnitude sufficient to reduce opioidrelated adverse effects to a clinically meaningful degree.
Tertiary outcomes
The outcome of interest just cited, namely, opioid use or misuse long after discharge postoperatively, is a population-based outcome that would not ordinarily be assessed in the confines of a registration trial designed to capture data on safety and efficacy. Yet, as the use of electronic health records becomes routine clinical practice, acquisition of unprecedentedly large amounts of long-term, population-based data permits analyses of what might be termed tertiary outcomes. These could include the continuing use of opioids for pain control long after a typical acute pain trial would have ended, or a reduced incidence of chronic postsurgical pain with 1 clinical management algorithm vs another. Unfortunately, the assumption that even to ask inpatients about their experience with pain control will increase the likelihood that they will be offered prescriptions for opioids on discharge, 71 has recently in the United States led to calls to drop such questions entirely from routine quality improvement surveys. If that occurs, a potentially valuable source of routine data capture will be lost, leaving a "big data" gap and challenging clinicians and researchers to resume collection of pain-related data on addressing quality of inpatient care. Additional socially meaningful group statistics include resumption of employment and leaving the disability system, or racial and ethnic differences in short-or long-term outcomes. Although complex and technically difficult to estimate the effects of specific acute, time-limited interventions on chronic outcomes, such analyses are important 76 and posttrauma studies 97 are likely to increase in the near term.
Qualitative and narrative-based outcomes
Many believe that unidimensional verbal, numerical, or visual analogue scales simply cannot capture the complex experience of pain. Responding to this challenge, a "clinically aligned patient assessment tool" has been developed that begins with a guided conversation between nurse and patient about several aspects of the pain being experienced by the patient, after which the nurse steps away from the patient and completes a multidimensional categorical pain instrument. 33 Assessment instruments that include both qualitative social conversation and quantitative measures suitable for conventional statistical analysis merit further evaluation. In this context, it is worth recalling that the McGill-Melzack Pain Questionnaire was derived from the descriptors volunteered by patients during their recounting of personal pain narratives. 84 The tension between clinical trial methods in many cases designed to reduce the effect of outliers on estimates of treatment Table 4 Recommendations for selecting efficacy outcome measures in acute pain randomized controlled trials.
When pain intensity is the primary outcome measure, carefully consider maximal clinical relevance in selecting outcomes of pain at rest, vs pain evoked by a well-defined, procedure-relevant, maneuver or activity.
Secondary outcomes of clinical relevance to the acute pain condition or surgical procedure should be incorporated and may include pain-related changes in procedure-relevant activity or physiological function, as well as other measures of physical and emotional function, and use of nonstudy analgesic treatments.
Acute pain trial designs should incorporate assessment and analysis of safety outcomes, including serious adverse events as well as side effects and symptoms of pharmacokinetic relevance to the study intervention. efficacy, and the growing importance of personalized, precision medicine is a major challenge for biomedicine beyond just pain research. Current approaches to reducing patient heterogeneity by pretesting so as to exclude placebo responders, or to enrich enrollment with likely treatment responders embody efforts to increase the sensitivity of analgesic trials while identifying target populations likely to benefit. If successful, such strategies will be important for the clinical development of new chemical identities whose marketing for use in clinical practice depends on proving efficacy in commercially meaningful numbers of patients.
Durations of postsurgical hospital stays have been shortened or even eliminated (ie, by conversion from inpatient to outpatient procedures) after the adoption of minimally invasive surgical techniques, prolonged delivery of postoperative regional anesthesia, and other advances in the standard of care. Thus, postoperative stays during which patient responses to single-or multiple-dose analgesic therapies may be scrutinized are becoming less frequent. This reality may be dealt with by planning to extend the duration of acute, in-hospital observation but doing so adds expense to the trial (the sponsor would be expected to cover the extra per diem costs). Furthermore, the opportunity to see whether the investigational treatment may shorten the time to discharge during routine care would be lost. Alternatively, such investigations could transition from the inpatient to the outpatient setting as is often performed with chronic pain trials. At the same time, there is ongoing interest in optimizing perioperative management so as to benefit long-term outcomes by reducing persistent pain or accelerating rehabilitation. Investigators' desire to identify short-term efficacy outcomes that can predict long-term outcomes has led to the use of early postoperative "pain trajectories" for this purpose. 25, 121 An unmet need is to supplement early measures such as pain intensity with other indicators of physical function or psychological resilience, to better predict the long-term benefits of postoperative analgesic interventions delivered within ever-briefer inpatient stays.
Evolving surgical methods and routine, consensus acute analgesic practice impact as well on the selection or de novo development of efficacy assessments most suitable to determine optimal analgesic regimens for specific operations in particular subgroups (eg, children vs older persons). For example, the routine application of multimodal regimens such as prolonged duration local anesthetics may reduce opioid requirements in a "standard therapy" control group to sufficiently low levels as to negate the value of opioid sparing as a postoperative outcome measure. Furthermore, a functional outcome measure appropriate for application in patients undergoing knee replacement using conventional general anesthesia and systemic opioids might simply consist of a measurement of maximal knee flexion. Yet, if regional anesthesia were combined with an anti-inflammatory agent as the baseline regimen, so many patients may have substantial knee flexion that this outcome may not be sensitive to the addition of an experimental analgesic. In the latter patients, distance walked during timed ambulation is better suited to assess analgesic efficacy. A similar point may be made for other topics related to acute pain control, eg, the application of programs to enhance recovery after surgery. 39, 66 One may consider the assessment of postoperative recovery as a special case of HRQOL assessment. Health-related quality of life assessment instruments may be generic, such as the SF-36, or condition-specific, such as Outcome Measures in Rheumatoid Arthritis Clinical Trials (OMERACT). The generic postoperative quality of recovery scales developed by Myles et al. has been validated and widely applied (including a shortened 15 question version of the 40-question instrument). 49, 90, 105 Efforts are now under way to adapt the Patient-Reported Outcomes Measurement Information System (PROMIS), a computerized dynamic testing instrument developed to assess outcomes of chronic pain treatments, to the acute postoperative setting. Finally, future pain trials may include the question "Why is the patient remaining in the hospital today?" 55 when addressing the effect of pain management on length of stay, using well-defined discharge criteria.
Challenges in the development of efficacy outcomes related to behavioral factors are presently among the most intriguing to those developing future acute pain trial designs and interpreting their results. A decade ago, in a monograph issued to "display the evolution of ideas and information for these 30 years" (since the founding of the International Association for the Study of Pain), none of the 35 chapters addressed acute pain. 85 Instead, the contents were divided roughly equally between laboratory research and the assessment and treatment of chronic noncancer pain. Yet, in the past 2 decades, research and practice on acute pain have increasingly explored social and behavioral dimensions such that the core outcome domains of interest in acute and chronic pain trials may now be converging. 40, 67 For example, the initial 2003 IMMPACT recommendations for "core domains for clinical trials of chronic pain treatment efficacy and effectiveness" 110 -pain, physical functioning, emotional functioning, participant ratings of global improvement, symptoms and adverse events, and participant disposition (including adherence to the treatment regimen and reasons for premature withdrawal from the trial)-now routinely are reported in acute pain trials.
The Beecher group's seminal 1954 paper characterizing placebo responders in analgesic trials in acute pain explicitly identified patients' high regard for the hospital staff, as well as presurgical social connectedness as gauged by regular church attendance and interest in church affairs, as predictors of placebo responsivity. 74 To borrow Beecher's phrase, there is a need to develop "data stat [ing] what is known to all thoughtful clinical observers": patients' purposefulness and resilience, sense of connectedness and alliance with the clinicians caring for them, and motivation to recover from postoperative or other acute pain so as to rejoin and support their family and community, are all important determinants of efficacy outcomes. As noted above in this guide, current systematic reviews of factors to predict high-pain intensity scores and analgesic consumption after surgery are able to account for only about half of the observed variance. Thus, both as predictive variables as well as outcomes per se, factors related to social connectedness with health care providers during routine care or analgesic trials, with family, and with society in general, may account for much of the still-uncharacterized half of the variation in pain intensity and analgesic consumption after surgery.
Although not a trial in the conventional sense, the capture of effectiveness data during routine clinical care is now possible with unprecedented speed and breadth and is increasingly informing postmarketing appraisals of pharmacological effectiveness and safety. Observations and analysis of "big data" permit evaluations of benefits and risks of pain treatment in the naturalistic fashion that Lasagna envisioned in 1974. 73, 121 In addition to demographic data, pain scores, and physiological parameters, patient satisfaction with care can now be captured and quickly available for review. 52 Early studies of acute pain-related quality improvement programs 48 found a surprisingly weak correlation between pain intensity and patient satisfaction. Instead, patient satisfaction was influenced by whether staff members communicated the importance of pain control, and whether they projected concern for achieving good pain control. When such findings initially emerged, they were viewed as if patients were reporting satisfaction in a naive and misunderstood fashion because nociception and pain intensity were viewed as paramount to the pain experience. However, given the distress, dysphoria, and in particular, sense of social isolation that we now realize we are hardwired to experience during acute and chronic pain, we would have performed well listening to these patients. Now, we understand that their ratings of satisfaction were based on a more global construct within which both nociception and distress are included. Going forward, we must partner with patients to guide us because we seek to address still-unmet challenges in the design, measurement, and interpretation of efficacy outcomes in analgesic trials. 19, 21 3.6. Safety assessment and reporting Assessment and reporting of adverse effects/events (AEs) in acute pain trials is critical to evaluate the safety and tolerability of study treatments. 37, 54 In addition to AEs resulting in unpleasant symptoms experienced by the patient, other important safety assessments-particularly relevant to novel experimental drugs-may require more specific objective assessments such as vital signs, laboratory tests, and electrocardiograms as guided by early-phase trial results. Despite reports nearly 2 decades ago suggesting the need to improve safety reporting in acute pain trials, 34 recent evidence suggests that progress in this area has been too slow. 54, 102, 103 In a recent systematic review of acute pain trials of gabapentin and pregabalin, nearly 10% of trials provided no information about AE assessment/reporting. 54 Such deficiencies may be, in part, related to limitations in investigator performance and journal editorial policies. However, more effective knowledge translation about importance of, and methods for, AE assessment/reporting is clearly needed. 37 Standards concerning safety assessment and reporting in clinical trials come from the 2004 extension to the CONSORT statement. 56 One early, fundamental recommendation is to indicate in the title, abstract, and introduction of the trial report that data about treatment harms were collected. Regarding methods of AE assessment, periodic open-ended questions may be useful to detect previously unrecognized AEs in early-phase trials. It is recognized that open-ended questioning about AEs (eg, "Are you experiencing any other symptoms?") may result in underreporting of AEs, whereas targeted questioning about specific AEs (eg, "Are you having any nausea?") may lead to overreporting. However, in phase 3/4 trials of treatments with recognized AEs, it may be appropriate to ask specific questions about defined AEs at pharmacokinetically or pharmacodynamically relevant time points (ie, at peak effect of study treatment).
One example of a treatment-specific AE assessment tool is the opioid-related symptom distress scale (SDS) developed by Apfelbaum et al. 3 This tool assesses 12 opioid side effects-including nausea, vomiting, constipation, and drowsiness-with respect to frequency, severity, and bothersomeness. 3 This SDS has also been used to quantify reductions in opioid-related side effect burden by opioid-sparing analgesics. 93 One example of the value of careful safety assessment is the trial of the COX-2 inhibitors parecoxib and valdecoxib for pain after coronary artery surgery. 91 In this trial, the primary endpoint was the combined incidence of predefined AEs. 91 Of 1,671 patients, AE rates were significantly higher in the active treatment groups (7.4%) vs the placebo group (4.0%), suggesting the inferior safety of parecoxib and valdecoxib in this setting, 91 but not necessarily in other surgical settings. 98 Thus, when designing an acute pain trial, careful attention should be given to using validated AE assessment methods that are sensitive to severity of anticipated AEs and appropriately timed so as to facilitate attribution to the study treatment. Together with such AE assessment and treatment strategies, acute pain trials should also include a prospective statistical analysis plan specific to treatment harms as statistical considerations for these outcomes may be unique and different from those for efficacy outcomes. 56 We contend that AE reporting is as important as reporting of efficacy outcomes and should include a description of treatmentspecific participant trial withdrawals. 56 To estimate absolute risk of harm per treatment group, numbers of each AE should be reported with the appropriate denominator, ie, the number of patients exposed per arm. Subgroup analyses for harms should be described. Finally, the trial report should include a discussion of the perceived balance of benefits and harms in the context of the trial's limitations.
Trial execution
Execution of an acute pain trial starts with finalizing the trial protocol-including a predefined statistical analysis plan, obtaining operational funding (a critical prerequisite for trial execution), ethics approval, and registration in an external trial registry. 30 Other issues include considering the establishment of a Data and Safety Monitoring Committee with predefined trial stopping guidelines for adverse safety outcomes, early efficacy signals, and/or futility for lack of evidence of efficacy. Some challenges may be anticipated with multicenter designs-commonly used for acute pain trials-depending on regional, national, or international regulations regarding use of multiple local research ethics approvals vs approval by a single "umbrella" research ethics board. 44, 68 Furthermore, some have posited that the most significant challenge to assay sensitivity in large multicenter trials is the variability in perioperative care and intraoperative anesthesia. 65, 101 Unique to acute pain trials is the setting in which they are conducted, eg, perioperative setting for postsurgical pain studies 89 and emergency settings for posttraumatic pain studies. Common challenges to participant recruitment in acute care settings include other competing activities (eg, presurgical preparation, urgent diagnostic studies, family interactions, etc.), last minute scheduling changes, and patient anxiety or stress that may affect the informed consent process. 77 Also, transient mobilization of endogenous analgesic processes in response to physiological stress may potentially reduce the apparent analgesic effect of active medication compared with placebo. 15 For studies involving elective surgery, engaging trial candidates as far as possible in advance of the procedure may mitigate these challenges.
Trial analysis and interpretation
Essential aspects of statistical analysis of pain trials are discussed in detail elsewhere. However, a number of issues related to trial analysis of acute pain trials are worthy of brief discussion here. In earlier postsurgical single-dose analgesic trials where only patients developing moderate to severe pain were randomized to a relatively short-acting treatment (or placebo), common analytical methods 107 involved the estimation of area under the time-analgesic effect curve using either measures of pain intensity (SPID4, summed pain intensity difference over 4 hours) or of pain relief (TOTPAR4, total pain relief over 4 hours)-typically over a period of 4 to 6 hours. More recently, studies of longer acting agents have used an 8-hour or a 12-hour measure such as TOTPAR12 or SPID12, 81 and multidose studies have used even longer measures such as SPID24 and a patient-reported global measure of response to therapy. 23 Use of these longer-duration measures in multidose studies may be problematic in the setting of missing data (eg, because of trial patient dropouts) and/or use of rescue medication during the relevant period.
Although statistical analyses in most earlier acute pain trials involved comparing treatment group means for SPID and TOTPAR measures, it has been recognized that the distribution of analgesic responses within treatment groups may be nonnormal such that few individual treatment responses are similar to the mean. 88 Therefore, a more clinically relevant measure that could be used as a dichotomous outcome, namely 50% pain reduction, has been used in several recent acute pain trials and could be considered. 86 However, some controversy remains over this because using a dichotomous outcome could result in diminished statistical power.
Remaining challenges
Consideration of clinical and research needs over the past few decades has led to the recognition of at least 3 divergent goals of acute pain clinical trials: (1) to provide valid and efficient methods with high assay sensitivity that can identify new molecular entities with first evidence of efficacy in the treatment of human clinical pain (eg, dental impaction model or bunionectomy model for early phase 2 regulatory trials), (2) to optimize designs for standard phase 3 trials conducted to obtain regulatory approval of new treatments, and (3) to provide designs for longer-term (eg, days to weeks) comparative effectiveness trials that identify optimal acute pain treatment strategies for patient subpopulations with the greatest clinical need (eg, major surgical procedures, preexisting chronic pain/opioid use, and predictors of high acute pain severity).
Although estimates of analgesic efficacy derived from acute pain trials applying methods with high assay sensitivity (eg, the dental impaction model) do not always generalize to all clinical pain conditions, such methods have demonstrated their merits and will likely continue to be useful in drug development. Perhaps, the greater challenge will be to further cultivate valid methods to generate evidence in support of best care for patients at highest risk of developing moderate to severe acute pain. Doing so will require well-powered, likely multicenter, trials that focus on a specific surgical procedure or injury and, further, on a specific subpopulation (eg, chronic pain patients experiencing acute pain) with careful consideration given to multiple outcomes of interest and possibly more sophisticated analytical methods. Also, more attention needs to be paid to AEs, especially in trials including multimodal analgesia, where little information is available on potential undesirable interactions of different analgesics. Although persistent postsurgical/postinjury pain is not the topic of this review, studying the transition from acute to chronic pain logically begins in the setting of acute pain. Therefore, it is worth noting here the need to further improve trial designs to evaluate interventions for the prevention of the transition from acute to chronic pain. 24 
Conclusion
Over the past 50 years, clinical trial methods for the evaluation of treatments for acute pain have dramatically evolved and improved. These include development of early-phase trial designs that minimize variability and thereby enhance assay sensitivity, minimization of bias through blinding and randomization to treatment allocation, and measurement of clinically relevant outcomes such as movement-evoked pain. However, further improvements are needed, including: (1) refinement of trial designs that address specific factors (eg, patient-related and injury-/surgery-specific) relevant to acute pain either through a focus on a specific subpopulation or through patient stratification; (2) development and implementation of new patient-centered outcome measures most relevant to the acute pain condition and/or treatment intervention of interest; (3) more robust development of trial designs for acute pain conditions other than postsurgical pain; (4) greater attention to trial quality, including more comprehensive assessment and reporting of safety outcomes; and (5) development of trial methods that focus on treating complex patients at high risk of severe acute pain.
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